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Summary 
Metal composites are ever more readily used as structural materials, due to their properties. Therefore, in spite of their difficult processing, 
their use constantly grows (e.g. SGL Carbon Poland S.A.). In consequence, the amount of their wastes grows too. Since the social pressure 
aimed at improving the quality of environment has recently intensified and the significance of the technologies enabling recovery of 
secondary materials has increased, the interest in recycling of metal composites also grew, irrespective of all the difficulties related thereto.  
One of the groups of metal composites includes the composites with saturated reinforcement. They may be recycled only with the method 
of components separation. The simplest way for this consists in choosing an appropriate environment in which the recycling occurs so as 
to enable free outflow of melted matrix from capillaries of the porous reinforcing profile. As an effectiveness measure of the process not 
only the yield of the melted metal but also its quality should be considered.  The paper presents results of the studies on recycling of a 
group of composite materials with saturated reinforcement of various structures and chemical compositions. The environments including 
salt mixtures chosen for the considered composites reinforced with pressed fibre profiles satisfy the first and the most important quantity 
criterion. i.e. allow for achieving the required metal yield. For the composite of the highest yield level the quality of melted metal was 
analyzed which showed that the environment selected this way meets also another criterion that enables obtaining high quality alloys, thus 
allowing for their direct use in the process of reinforcing the composite casts. On the other hand, in the case of the composites reinforced 
with sinters the first criterion has not been met and, therefore, the metal quality in this case has not been assessed.  
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1. Introduction 
 
The civilization development almost from the beginning was 
related to the use of metals and alloys. Starting from the bronze 
and iron ages until to-day the metals and alloys belong to the most 
commonly used structural materials. Apart from good mechanical 
properties, resistance to high temperature, etc, their important 
advantage consists in nearly non-restrained ability of repeated 
processing. The meaning of this feature grows in recent years not 
only due to economic reasons. Growing expenses of dumping the 
wastes and materials and, furthermore, growing social pressure on 
the improvement of the environment quality are conducive to it. 
The recycling process, apart from reduction of the cost of 
materials, protects the environment not only in result of usage of 
the wastes but also by reduction of power consumption in the 
production process [1]. For example, recycling of aluminum cans 
results in reduction of air contamination by up to 95 per cent and 
water contamination by 97 per cent, as compared to the process of 
aluminum production from bauxite. Moreover, electric power 
consumption is smaller by 95 per cent. This is also conducive to 
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163saving the natural ore deposits. One ton of aluminum scrap allows 
for saving 4 tons of bauxite [2].  
Nevertheless, the civilization development needs always new 
materials of better and more varying properties. Therefore, since 
the mid of the 20
th century a new group of materials was 
developed, namely composite materials and composites. The 
matrix of these materials is made of the metals and alloys used 
before, but recycling of such materials is much more difficult 
[3,4]. The main reasons of the problems arising during recycling 
of the casts made of metal composites originating from the 
production and after-exploitation scrap are as follows: 
−  generating technically useless alloys including the 
components the separation of which with metallurgical methods is 
very difficult [5]; 
−  reactions between the composite components, conducive to 
hardly removable contamination of the remelted material or 
matrix obtained from separation of the components [6,7,8]; 
−  the problems of choosing proper conditions that enable 
separation of the composite components.  
One of the groups of composites of growing popularity due to 
its properties includes metal composites with saturated 
reinforcement [9,10]. In spite of difficulties in their processing 
their application increases (e.g. SGL Carbon Poland S.A.) which 
is conducive to growing amounts of their wastes. These 
composites may be recycled only with the method of separation of 
the components [11,12]. The most valuable material included in 
the composites that, at the same time, most easily suits the 
repeated use is the matrix metal, making 50 to 90 per cent of the 
casts. The studies [13] have shown that the simplest way of metal 
recovering from the scrap of composite products with saturated 
reinforcement consists in choosing an appropriate environment in 
which the recycling occurs. It should be chosen so as to enable 
free outflow of melted metal matrix from capillaries of porous 
reinforcing structures.  
Basic effectiveness measure of such a process is the yield of 
the matrix material, determined as the ratio of metal mass 
remelted during recycling to the entire metal mass primarily 
included in the composite. Nevertheless, such a measure is not 
sufficient for full assessment of the process. Another equally 
important criterion of economic and ecological effectiveness is 
the quality of the metal obtained in the recycling process.  
Importance of the quality of the metal recovered while 
processing of the composite scrap is evidenced in Fig. 1. It 
presents the course of the processes, from initial ore treatment to 
exploitation of completed casts. 
  In the two last stages of the process a composite scrap forms: 
−  the current scrap, i.e. riser heads, gating systems, defective 
casts, and 
−  the after-exploitation scrap, i.e. composite products out of use. 
The scrap is subject to processing (separation of the 
components) in order to recover the matrix metal. The recovered 
metal may be used again at one of the stages of composite cast 
manufacturing. The decision in which stage should it be used is 
made based on its quality, namely:  
−  its chemical composition, and  
−  the contents of inclusions originating, first of all, from the 
composite reinforcement. 
It is obvious that the better the metal quality, i.e. the better its 
composition approximates the one occurring in the pig sows used 
for casting, and the smaller is the amount of inclusions, to the 
further stage of the composite cast manufacturing process it may 
be included.  
  Hence, if the quality of the metal recovered in the melting 
process is poor, it is designed for the processing in one of the first 
stages of the process and shall undergo expensive metallurgical 
processing and refining operations. On the other hand, should its 
quality approximates the pig sow metal that is commonly used for 
casting, the economic results of the remelting process are visible 
first of all in the form of lower price of the metallic charge. 
 
 
 
Fig. 1. Scheme of manufacturing the metal composite casts with 
saturated reinforcement 
 
2. Assessment of the recycling process 
efficiency 
 
  In order to assess effectiveness of the outflow of liquid 
metallic matrix from the capillaries of a porous reinforcing profile 
in various environments a group of composites of differentiated 
chemical and structural composition has been recycled (Table 1) 
[14].  
The results shown in Table 1 give evidence that quantitative 
assessment of the recycling process efficiency and, in 
consequence, selection of proper environment, is possible by 
assessment of the matrix metal yield. Analysis of the metal yield 
results of Table 1 allows to find that the NaCl+KCl salt mixture is 
an environment that in case of a composite composed of short 
pressed fibres and the matrix made of the OT7 alloy provides a 
very good yield, and the application of more expensive POKAL 
for such a matrix is not required. On the other hand, in case of a 
composite made of the AlSi12(b) alloy and graphite fibres, the 
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164 use of POKAL improves the yield nearly by 20 per cent. 
Therefore, a choice of the recycling method should be preceded 
by an economic account related to profitability of the environment 
usage, taking into account not only its price but also the increase 
of the expense caused by its washing-out from the reinforcement 
(poorer water solubility of POKAL). The studies on recycling of 
the composites reinforced with graphite sinter have shown that no 
environment among the selected ones gives satisfying yield. 
Recycling of such a reinforcement type should be considered as 
extremely difficult or even impossible with the above mentioned 
method. Nevertheless, taking into account its high functional 
quality, further research aimed at finding another recycling 
method should be recommended.  
It appears that the results shown in Table 1 do not answer the 
question what is the quality of the metal obtained by recycling 
and at what stage of casting might they be used. In order to 
answer these questions the quality of the recovered metal should 
be reliably assessed by: analysis if chemical composition of the 
recovered metal and comparing it to the primary alloy serving as a 
matrix of the considered composite; observation of the structure; 
phase identification by means of micro-roentgenography.  
Such an analysis should be performed particularly in the case 
of probable reaction between the reinforcement material and the 
metal serving as the composite matrix. 
 
 
 
Table 1 
Specification of average amounts of metal yield obtained during recycling of the composites with saturated reinforcement 
REINFORCEMENT 
“Z” 
MATRIX 
“M” 
ENVIRONMENT 
“O” 
Wetting angle  
θΖ−Μ/Ο [°] 
Yield of the matrix 
Uśr [%] 
 aluminosilicate fibre   AlSi12(b) alloy   air  136  0
 aluminosilicate fibre   AlSi12(b) alloy   50%NaCl+50%KCl  162  97,07
 aluminosilicate fibre   OT7 alloy   air  153  67,75
 aluminosilicate fibre   OT7 alloy   50%NaCl+50%KCl  149  95,15
 aluminosilicate fibre   Wood alloy   air  132  0
 aluminosilicate fibre   Wood alloy   oil  163  84,00
 graphite fibre   AlSi12(b) alloy   air  145  0,67
 graphite fibre   AlSi12(b) alloy   50%NaCl+50%KCl  163  88,00
 graphite fibre   AlSi12(b) alloy   POKAL  167  98,94
 graphite fibre   OT7 alloy   air  128  18,95
 graphite fibre   OT7 alloy   50%NaCl+50%KCl  149  87,26
 graphite fibre   OT7 alloy   POKAL  155  81,48
 graphite sinter   OT7 alloy   air  128  9,13
 graphite sinter   OT7 alloy   50%NaCl+50%KCl  149  28,32
 graphite sinter   OT7 alloy   POKAL  155  22,99
 graphite sinter   Sb   air  144  0,55
 graphite sinter   Sb   50%NaCl+50%KCl  152  8,56
 graphite sinter   Sb   POKAL  167  10,66
 
 
3. Assessment of quality of the metal 
recovered in the recycling process 
 
Taking into account low reactivity of alumino-silicate fibres 
used as reinforcement material of the considered composites, the 
reaction at the reinforcement/metal matrix interface is rather 
unlikely. Therefore, full analysis of the recovered metal quality 
is not necessary. The sole expected contamination of the 
recovered metal may include the remnants of crushed 
reinforcement that may be readily removed by metal filtration 
before or during the casting process. The analysis in case of the 
composites reinforced with graphite sinter is also useless, as no 
positive results have been obtained in any of the environments 
used for this purpose. Hence, the only group of composites for 
which the analysis should be carried out includes the composites 
reinforced with graphite fibres. Such an analysis should be 
performed for two reasons: possible reaction at the 
reinforcement/metal matrix interface, and  extremely brittle 
reinforcement  
that might result in formation of carbon compounds and very 
small particles of the graphite reinforcement.  
Large amount of the quality analysis results for the metal 
recovered by recycling in the considered group of materials 
allows to present only the example of one among the 
investigated composites, for which the best yield was obtained, 
i.e. the one with the matrix made of AlSi12(b) alloy reinforced 
with pressed graphite fibres, recycled in the melted POKAL 
environment. 
3.1 Chemical analysis  
Chemical composition of the AlSi12(b) aluminum alloy has 
been investigated in the Vokswagen Laboratory in Poznań, with 
the use of the ARL emission spectroscope of MA 178 type, in 
the argon atmosphere. The results have been assumed as 
average values from at least 3 assays performed on each of the 
samples.  
 
Table 2. 
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165Results of analysis of chemical composition of the aluminum 
alloy used for the matrix of a composite with saturated 
reinforcement, and of the metal recovered from recycling of the 
composite with aluminum alloy matrix, reinforced with pressed 
graphite fibres, recycled in the melted POKAL environment. 
Trial  
 
 
 
 
 
 
Element 
The 
PN-EN 1706 
Standard 
for the 
ENAC-
AlSi12(b) 
(ENAC-
44100) alloy 
Initial matrix 
alloy: 
AlSi12(b) 
The metal 
remelted 
during 
composite 
recycling 
 [%  wt.] 
Al residue  residue  residue 
Si 10,5-13,5  11,47  11,18 
B 0,0010  0,0005 
Be 0  0 
Bi 0,0005  0 
Ca 0,0021  0,0034 
Cd 0  0,0008 
Co 0,0002  0,0002 
Cr 
 
0,005 0,040 
Cu 0,15 0,37 0,04 
Fe 0,65  0,594  0,683 
Hg 0  0,0005 
Li 
 
0,00001 0,00002 
Mg 0,10  0,058  0,003 
Mn 0,55  0,045  0,035 
Na   0,0001  0,0069 
Ni 0,10  0,008  0,055 
P   0,00028  0,00015 
Pb 0,10  0,006  0,006 
Sb 0,0003  0 
Sn 0,010  0,094 
Sr 
 
0,0008 0,0004 
Ti 0,20  0,0183  0,0230 
Zn 0,15  0,142  0,065 
Σ of the 
remaining 
ones 
(0.05 each) 
0,15 0,04149  0,14687 
 
 
The results specified in Table 2 indicate good quality of the 
metal recovered during recycling of the considered composite. 
Only a slight increase of iron and tin contents in the melted 
material above allowable level has been observed. The 
investigation allowed for qualifying the remelted metal, after 
minor reduction of the composition, to its repeated use for 
purposes of composite casting. 
3.2. Analysis of the structure of selected 
samples 
Since the analysis of chemical composition carried out with 
the help of an emission spectroscope does not enable detecting 
small carbon particles that might remain after the graphite 
composite reinforcement, nevertheless, in spite of a positive 
result of the chemical analysis the sample image should be duly 
analysed.  
The sample image and the structure of the metal and 
contamination were analysed with the help of a 
roentgenographic micro-analysis probe and the AWALON 4000 
microanalysis system, that are an auxiliary equipment of the 
TESCAN scanning microscope of VEGA TS 5135 type. The 
analysis enabled identification of structural phases of the metal 
and the kind of contamination included in it. Apart from 
qualitative assessment of the contamination, the image analysis 
software enabled as well performing quantitative assessment of 
selected samples.  Comparison of the structure of the metal used 
for saturating to the one obtained in result of separation of the 
composite composed of AlSi12(b) and pressed graphite in 
melted POKAL is shown in Fig. 2. The result of the 
roentgenographic micro-analysis of the structural components 
marked in Figs 2b and 3 are specified in Table 3.  
The metallographic study carried out have confirmed low metal 
contamination level. The investigated polished metallographic 
sections have shown no particles that might be clearly identified 
as the parts of composite reinforcement. The most common 
contamination of the metal originating from recycling of the 
composites with the AlSi12(b) matrix included iron (Fe) 
compounds which is consistent with high contents of the 
element. The contents of other impurities was rather low. In the 
considered samples the carbon (C) contents was found, but it 
occurred only in small amounts, usually accompanied by other 
elements.  
Summarizing, it may be stated that both chemical and 
metallographic analyses have shown no significant growth of 
contamination of the metal recovered during the recycling 
attempts as compared to the metal used for the composite 
manufacturing process. No reinforcement particles were found 
in the metal, while its contamination may be considered as 
typical for the applied alloys. 
 
4. Conclusions  
1.  A measure of effectiveness of the recycling process 
conducted with the component separation method on 
composite casts with saturated reinforcement is the metal 
yield. Nevertheless, in order to enable full assessment of the 
process efficiency the quality of the metal recovered in the 
process must be duly analysed.  
2.  Analysis of chemical composition of the metal recovered by 
recycling in case of the selected composite type has shown 
only slight deviation from the composition of the alloy used 
for production of the composite.  
3.  The comparative analysis of the structure of the metal 
obtained by recycling and the one used for composite 
manufacturing has also shown no significant difference. 
4.  No significant growth of the level of contamination caused 
by the graphite reinforcement has been observed. Anyway, 
the carbon compounds have been found in the recycling 
recovered metal but only in low amount.  
5.  Hence, selection of an appropriate environment for the 
recycling purpose enables obtaining a metal that may be 
used again directly in the saturation process of the 
composite casts. 
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166 Table 3. 
Components of the structure marked in Figs 2a and 3 
Component [% wt.]  Element of 
the structure  Al Si O Fe C Mn S Ca 
Identification 
  1  85,63  14,07  0,31        Al-Si  Eutectic 
  2 86,01  12,46  0,17  1,37          Al-Si  Eutectic 
  3 85,30  14,08  0,45  0,16          Al-Si  Eutectic 
  4  98,87  0,96  0,17        Al-Si  Solution 
Å  1  26,59  3,61 0,04 3,64  65,96  0,16      impurity 
Å  2  72,41 1,33 15,35 1,30  8,23  1,08  0,30  impurity 
Å  3  78,63  1,09  3,90   10,38   2,88  3,14  impurity 
Å  4 79,81  1,09  0,33    18,77        impurity 
Å  5  64,80  7,76 0,14 3,74  23,55        impurity 
 
 
 
 
 
 
 
 
 
a) 
 
 
 
 
 
 
 
 
 
b) 
 
Fig. 2. Structure of the initial alloy a), and the one obtained as a result of separation of the components of the AlSi12(b) composite, 
composed of pressed graphite in melted POKAL b) 
 
 
 
 
 
 
 
 
 
a) 
 
 
 
 
 
 
 
 
 
b) 
 
Fig. 3. Contamination of the alloy obtained as a result of separation of the components of the AlSi12(b) composite, composed of pressed 
graphite in melted POKAL, subject to micro-roentgenographic analysis 
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